Few studies have assessed the relative importance of morphological, ecological and phylogenetic factors in the evolution of social behaviour. We examine the role of these factors in social evolution among blaberid cockroaches. We first analyse and compare behavioural interactions in 13 species. We then ask how the nature of these interactions relates to body shape, phylogeny and habitat. We showed that, although these cockroaches display diverse behavioural interactions, a structure in these data exists with some species clustering together. We found that similarity in social interactions was related to species body shape, but not to ecology or phylogenetic relationships. We suggest that body shape plays an important role in the evolution of social behaviour and that this factor should be investigated further in future analyses.
Introduction
The factors influencing the evolution of behaviour have long challenged ethologists and evolutionary biologists (Tinbergen, 1963; Lorenz, 1981; Snowdon, 1983; Brooks & McLennan, 1991; Alcock, 1998; Ryan, 2005) . For instance, why are some species solitary while closely related species live in highly integrated colonies? Several biologists have addressed these questions, considering genetic, ecological, morphological or phylogenetic factors, to name a few, and landmark hypotheses have guided research into the roles of altruism, sexual selection and group selection in the evolution of behaviour (e.g., Darwin, 1859; Hamilton, 1964; Trivers, 1971; Zahavi, 1977) . These seminal works have been so influential that the role of other factors has tended to be less investigated. For instance, the inclusive fitness hypothesis (Hamilton, 1964) so strongly emphasized the role of genetic factors in the evolution of social behaviour that, at first, other potential factors were disregarded.
Ecological factors have commonly been considered (Korb & Heinze, 2008) , but morphological and phylogenetic factors may also be important (Lessa et al., 2008; Price et al., 2011) . For example, some studies have shown that morphological features are strongly correlated with behaviours (e.g., Freeman, 1981; Losos, 1990; Brodie III, 1992; Blatchford et al., 2011) , while others have revealed the importance of habitat structure (e.g., Cooper & Whiting, 2007; Danchin et al., 2008) or phylogenetic history (i.e., phylogenetic factor; e.g., Kennedy et al., 1996; Robillard et al., 2006a; Cap et al., 2008) . Concepts like the 'ecomorphs' of Williams (1972) emphasise the importance of considering multiple causes (here ecology and morphology) in the evolution of behaviour.
The multiplicity of factors involved in the evolution of social behaviour is widely acknowledged, but few studies analyse multiple factors simultaneously. There are three main reasons for this focus on single-factor explanations. First, dealing with only one factor is more straightforward than analysing multiple factors that may have opposite effects (Hilborn & Stearns, 1982) . Second, multifactorial analyses often require data and methods from different fields and are therefore more complicated to implement (Tress et al., 2005) . Third, the relative importance of different factors is difficult to evaluate because they may have complex interactions (Gould, 2002) . However, considering a single factor does not give the full picture and could lead to biased interpretations (Ryan, 2005) . Here we attempt to disentangle the role of phylogeny, ecology and body shape in the evolution of social behaviour in blaberid cockroaches.
Most studies of cockroach social behaviour have focused on wood-feeding species (e.g., Cleveland et al., 1934; Seelinger & Seelinger, 1983; Nalepa, 1984 Nalepa, , 1991 O'Neill et al., 1987; Matsumoto, 1988; Nalepa & Bandi, 2000) . Feeding on wood is commonly thought to be an important life history trait in the evolution of eusociality in termites (Thorne, 1997) , and, because all termites are eusocial, understanding the first steps in the evolution of sociality in these insects requires studying closely related wood-feeding cockroaches (e.g., Pellens et al., 2007a) . However, these studies were not designed to investigate the role of multiple factors in the evolution of sociality. Indeed, Cryptocercus spp. and Panesthia spp. all share both similar body shape and dwelling ecology, and cannot offer information on the role of these factors in social evolution.
Other detailed observations have also been performed focusing on questions about population structure (e.g., Salganea and Cryptocercus: Nalepa, 1984; Grandcolas et al., 2001a; Park & Choe, 2003a, b) , parental care strategies (e.g., Hagan, 1939 for Diploptera punctata; Liechti & Bell, 1975 for Byrsotria fumigata; Roth, 1981 for Perisphaerus sp.; Matsumoto, 1992 for Macropanesthia rhinoceros; Bhoopathy, 1998 for Thorax porcellana; see Nalepa & Bell, 1997 for a review), or aggregation pheromones (e.g., Bell et al., 1972; Brossut, 1975; Dambach et al., 1995; Rivault & Cloarec, 1998) . They were, however, not carried out in a comparative framework, hence limiting evolutionary implications.
Here, we perform a comparative analysis to investigate the role of three factors -body shape, habitat and phylogeny -in the evolution of social behaviour in cockroaches. We focus on behavioural acts per se, as typically done in ethological studies, but also on behavioural interactions, including length and reciprocity of sequences of interactions (Grandcolas, 1991) , as well as the order of the behavioural acts within a sequence, which all convey different, complementary information. Behavioural acts do not exist in isolation. They are expressed in a context, which often involves stimulation by a conspecific. When two individuals display a similar behavioural act in two different contexts, this should not be interpreted as perfectly equivalent. Hence, considering transitions among behavioural acts within a sequence, and not only behavioural repertoire, is important to characterize behavioural interactions (Bakeman & Gottman, 1997; Legendre et al., 2008b; Worthington & Swallow, 2011) .
We study Zetoborinae cockroaches, one of the rare groups of cockroaches for which comparative behavioural data have been accumulated (Grandcolas, 1991; van Baaren & Deleporte, 2001; van Baaren et al., 2002; Legendre et al., 2008a) and fitted in a phylogenetic context (Inward et al., 2007; Pellens et al., 2007b; Legendre et al., 2014) . More precisely, our aim is to answer two related questions: (1) How similar/different are behavioural interactions in these species? Do the solitary species display a smaller repertoire, or less or shorter interactions than social species (van Baaren et al., 2002 ; but see Yoerg, 1999) ? Communication is pivotal in sociality (e.g., Wilson, 1975; Costa, 1997) and one might expect differences in sequence length and reciprocity among species. Social species exchange more information and sequences are therefore expected to have longer duration and a higher reciprocity in these species than in solitary species (Grandcolas, 1991) . In addition, it has been shown repeatedly that a social category might actually hide a real diversity (e.g., Wcislo, 1997a, b; Doody et al., 2013) . In other words, no two gregarious species are perfectly similar. Can we distinguish different kinds of social interactions among species belonging to the same category (e.g., gregarious species), which could underline a common drawback of the categorization process (e.g., Avilés & Harwood, 2012; Goutte et al., 2013) ? (2) How do body shape, ecological and phylogenetic factors relate to variation in behavioural interactions? In other words, do the phylogenetic history of the species, their body shape or their habitats (or a mix of these different factors) correlate with behavioural interactions in these insects? To do so, we characterize behavioural interactions in thirteen cockroach species, provide transition matrices for each species, and compare them through multivariate analyses.
Material and methods

Biological material
We selected 13 species belonging to six subfamilies of the Blaberidae: five Zetoborinae (Lanxoblatta emarginata, Phortioeca nimbata, Schultesia lampyridiformis, Thanatophyllum akinetum, and Parasphaeria boleiriana), four Blaberinae (Blaberus discoidalis, Eublaberus distanti, Paradicta rotunda, and Phoetalia pallida), one Diplopterinae (Diploptera punctata), one Gyninae (Gyna capucina), one Pycnoscelinae (Pycnoscelus surinamensis) and one Oxyhaloinae (Nauphoeta cinerea). We chose these species following a two-step process. First, we focused on Zetoborinae and Blaberinae because of their close phylogenetic affinities (Grandcolas, 1993a (Grandcolas, , 1998 Inward et al., 2007; Pellens et al., 2007b; Legendre et al., 2014) , and because of the background knowledge that is available (Gautier & Forasté, 1982; Rivault, 1983; Grandcolas, 1991; van Baaren & Deleporte, 2001; van Baaren et al., 2002; Legendre et al., 2008a; Varadínová et al., 2010) . Furthermore, all social systems known in cockroaches (solitary, gregarious and subsocial) are present in Zetoborinae (Legendre et al., 2008a) . Then, we selected species according to two criteria: (i) the availability and abundance of captive specimens to conduct multiple observations and limit the effect of behavioural differences only due to intra-specific variability; and (ii) the phylogenetic position of the species: we chose species from different lineages to maximize the number of evolutionary histories at hand. Thus, the selected Zetoborinae species belong to two tribes (i.e., Thanatophyllini and Phortioecini: Grandcolas, 1993a), while the four Blaberinae species studied belong to three different lineages (Grandcolas, 1993a) . As for the remaining subfamilies, the Diplopterinae and Gyninae species were studied as representatives of the putative sister-group of (Blaberinae + Zetoborinae) (Grandcolas, 1998) . The Pycnoscelinae and Oxyhaloinae species completed our sample as 'external' groups and were selected for their social system (N. cinerea : Ewing, 1972 : Ewing, , 1973 , habitat (P. surinamensis) and body shape (both species), which are comparable with those of our focal species.
Cultures of all the species studied here were maintained in the laboratory on dog food and water ad libitum, at a relative humidity of 90%, a temperature of 25 ± 2°C and a 12 h/12 h photoperiod, in similar and optimal conditions aimed at allowing species comparisons. Species were all bred at 'Station Biologique de Paimpont' (France). They originally came from laboratory stocks from Dijon, France (Blaberus discoidalis, Diploptera punctata, Nauphoeta cinerea and Pycnoscelus surinamensis), Espírito Santo, Brazil (Parasphaeria boleiriana), or from field samples (French Guyana: Lanxoblatta emarginata, Paradicta rotunda, Phoetalia pallida, Phortioeca nimbata, Schultesia lampyridiformis and Thanatophyllum akinetum; Trinidad: Eublaberus distanti; and Cameroon: Gyna capucina).
Species characterization: phylogeny, habitat, body shape and social system
All the information about habitat, body shape, sociality and taxonomy is summarized in Table 1 . 
Phylogeny
When we initiated this work, five phylogenies included some of the species studied here: Grandcolas (1993a), Maekawa et al. (2003) , Pellens et al. (2007b) , Inward et al. (2007) and Legendre et al. (2014) . We chose Grandcolas' work (1993a) as a reference because it has the most exhaustive sample in Zetoborinae and Blaberinae (i.e., 28 genera vs 6, 7, 10 and 12, respectively). Moreover, despite a lower number of phylogenetic characters, this study agrees with two of the most recent molecular studies (Inward et al., 2007; Pellens et al., 2007b) as to the sister-group relationship between Zetoborinae and Blaberinae. From this phylogeny, we computed a phylogenetic distance matrix from pairwise phylogenetic distances. For any two species, their phylogenetic distance is the branch lengths of the shortest phylogenetic path between these species. Note that Grandcolas (1993a) did not include the Oxyhaloinae genus Nauphoeta in his phylogenetic matrix, although he studied two other oxyhaloine genera (Oxyhaloa and Ateloblatta). We used Oxyhaloa as a proxy to compute phylogenetic distances between Nauphoeta cinerea and the other species included in our study (using Ateloblatta instead of Oxyhaloa would have given very similar indices of phylogenetic distance -each index would have been smaller of one unit).
Habitats
Cockroaches live in very diverse habitats (Bell et al., 2007) . Here, for 13 species, we distinguished seven different habitats based on field reports summarized in Pellens et al. (2007b) : loose bark, dead wood, bird nest, litter, tree holes, epiphytes and mould. Three habitats are shared by at least two species: loose bark (Phortioeca nimbata and Lanxoblatta emarginata), litter (Thanatophyllum akinetum and Diploptera punctata), and tree holes (Blaberus discoidalis, Eublaberus distanti, Paradicta rotunda and Gyna capucina). Nauphoeta cinerea's habitat in the wild is unknown. Analyses were performed with and without N. cinerea to investigate the effect of this missing data.
Body shape
We defined three kinds of body shape: 'flattened', 'burrowing' and 'cursorial'. Phortioeca nimbata, Lanxoblatta emarginata and Thanatophyllum akinetum are medium-sized with a flattened and widened body ('flattened' type; Legendre et al., 2008a) . Blaberus discoidalis, Eublaberus distanti, Paradicta rotunda and Gyna capucina are large with a rounded and widened body and numerous thick spines on their legs ('burrowing' type). Pycnoscelus surinamensis is also a burrowing species although it is smaller than the other burrowers mentioned above. The five remaining species are medium-sized, with a rather elongated body and do not have thick spines on the legs ('cursorial' type).
Sociality
All but three species are gregarious (Grandcolas, 1993b; van Baaren et al., 2003; Pellens et al., 2007b) . Thanatophyllum akinetum is solitary, based on its dispersed distribution and the spacing behaviour of young nymphs in the tropical rainforest litter (Grandcolas, 1993b) . Parasphaeria boleiriana is subsocial, with females staying in chambers with neonates during the first one or two weeks of larval development (Pellens et al., 2002) . Phoetalia pallida's social system is unknown. Even though sociality could be tightly tied to social interactions, it was not formally tested as a potential explanatory variable of behavioural data given that we had only one example in two out of the three social systems.
Behavioural observations, sequences and transition matrices
Some of the vocabulary associated with behavioural observations is given in Table 2 .
We recorded dyadic interactions (i.e., involving two interacting individuals) between conspecifics following the protocol described in Legendre et al. (2008a) . We observed groups of six nymphs, including both males and females, placed in a plastic arena with the following dimensions (l × w × h): 13 × 9 × 1.5 cm. The number of groups observed (i.e., encounters) ranged from 11 to 17 according to the number of available specimens (Table 1) . We observed nymphs in the midst of their development (3rd to 5th instar) as it is the most characteristic and intense period of expression of gregarious behaviour (Grandcolas, 1993b; van Baaren & Deleporte, 2001) . Each encounter started 1 h after placement in the arena and lasted 15 min, regardless of the behaviours displayed. Each individual was observed only once.
We characterized intraspecific dyadic interactions with ad libitum sampling (Altmann, 1974; Martin & Bateson, 1986 ) of the behavioural acts observed (Table 3) . Each dyadic interaction was recorded as a sequence of Motor pattern (as defined in Table 3 ) Repertoire (of a species)
Set of the behavioural acts displayed by a species Behavioural sequence or interaction Succession of behavioural acts displayed by two interacting conspecifics Behavioural category A category including behavioural acts interpreted as having a similar significance (e.g., the acts bite and leg kick belong to the category 'agonistic'; see Table 3 ) Behavioural activity
Mean number of behavioural sequences per bout of 15 min = Frequency of behavioural interactions Sequence length Number of behavioural acts displayed by the two individuals involved in a behavioural sequence behavioural acts performed alternatively by each individual; a sequence began when two cockroaches were close enough for antennal contact and ended when at least one cockroach moved away or after a lasting period of immobility of both individuals. For this study, we conducted 91 encounters, during which we recorded 692 behavioural sequences. We also used data on 56 and 11 encounters from Grandcolas (1991) and Legendre et al. (2008a) , respectively. We derived four data sets from these behavioural sequences ( Figure 1A , raw data) and used them to address our two questions. First, we calculated, for each species, the mean behavioural sequence lengths and their behavioural activity per bout of 15 min ( Figure 1B, 1st data set) . Second, we used behavioural sequences to build specific transition matrices, where each cell is filled with the frequency of transitions between two behavioural acts (Martin & Bateson, 1986;  Figure 1C , 2nd data set). In addition, from the behavioural repertoires observed, we classified each behavioural act into one of the following categories, based on the literature and our own observations (Gautier, 1974; Grandcolas, 1991; van Baaren et al., 2002 van Baaren et al., , 2003 Legendre et al., 2008b) : acts promoting interactions, agonistic acts, avoidance acts, and acts without any obvious significance (Table 3) . From this classification we derived 'simplified' transition matrices for each species, where each cell is Figure 1D , 3rd data set). Finally, we computed a behavioural distance matrix among the thirteen species studied using Manly distance (Manly, 1994) and the command dist.prop (package ade4: Dray & Dufour, 2007 ; Figure 1E , 4th data set). The statistical analyses performed on these different data sets are provided below. Behavioural distance matrix (4th data set) computed from the 3rd data set using Manly distance. Open arrows, 'transformation' of data. Wavy arrows start from the behavioural data set used to answer the question they point at.
Statistical analyses
We performed most of the statistical analyses within the R statistical environment (R Core Team, 2012) using the 'ade4' (Dray & Dufour, 2007) and 'vegan' (Oksanen et al., 2011) packages. We provide R scripts and data in the Appendix in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/journals/1568539x.
Transition matrices and behavioural sequences statistics
Our aim here was to estimate how behaviourally different the studied species are. We compared the detailed transition matrices (2nd data set) with a multiple correlation test (Kendall coefficient of concordance W , Kendall & Babington-Smith, 1939) . This test assessed whether or not all the species studied displayed, on average, similar behavioural transitions. Also, mean behavioural sequence lengths and behavioural activity were compared with a Kruskal-Wallis test (H ) adjusted for ties, as implemented in Minitab ® 14 (Minitab, 1996) , and followed by the multiple comparison test (Q) proposed by Dunn (1964) .
PCA: structure of behavioural data
To evaluate the structure of our behavioural data, we performed a Principal Component Analysis (PCA) on the 'simplified' transition matrices (i.e., proportions of behavioural acts classified into behavioural categories; 3rd data set). We did not consider the behavioural category 'without any obvious significance' though, because it seemed irrelevant for studying the evolution of social behaviour and involved only a small proportion of the interactions. We worked on 'simplified' transition matrices to reduce the number of explanatory variables (here the nine transitions between the three behavioural categories), which otherwise would have been too numerous (i.e., 441 behavioural transitions) to allow any meaningful biological interpretation.
PCoA and dbRDA: investigating body shape, and ecological and phylogenetic variables on behavioural data
To explain the structure of our behavioural data, we investigated in two steps the explanatory power of the body shape and of the ecological variables using the behavioural distance matrix (4th data set). First, we ran a Principal Coordinate Analysis (PCoA; Gower, 1966) on the behavioural distance matrix. The PCoA located each species in a multidimensional space from dissimilarity data and allowed us to hypothesize whether the pattern observed could be explained by our variables. Second, we applied a distance-based Redundancy Analysis associated with a 1000 permutations test (dbRDA; Legendre & Anderson, 1999) for the habitat and body shape variables. This tested independently the explanatory power of these variables to account for behavioural dissimilarities.
Finally, we tested the phylogenetic variable through a Mantel test, performing a Spearman correlation between the behavioural and phylogenetic distance matrices.
Results
Behavioural observations: sequences and transition matrices
We identified twenty-four behavioural acts from the dyadic sequences of the different species. Repertoire size ranged from 13 (Diploptera punctata and Paradicta rotunda) to 20 acts (Parasphaeria boleiriana), with the solitary species Thanatophyllum akinetum having a medium size repertoire (17 acts; Table 4 ). On average, behavioural sequences were five to seven acts long (Table 4) , with a range of 2 to 25 acts. Sequence length and behavioural activity differed significantly among species (KruskalWallis test: H = 181.81, N = 13, p < 0.001 and H = 65.97, N = 13, p < 0.001, respectively). Multiple comparison tests (Q) revealed that Schultesia lampyridiformis has longer sequences than all other species, except T. akinetum and Eublaberus distanti. Schultesia lampyridiformis also has, with P. boleiriana, a much higher behavioural activity than Table 4 . Repertoire size, sequence length and behavioural activity (as defined in Table 2 ) of the 13 species studied.
Repertoire
Number of acts per Frequency of interactions size sequence (mean ± SE) (per bout of 15 min) (mean ± SE)
Blaberus discoidalis 17 6 ± 2 9 ± 4 Diploptera punctata 13 6 ± 2 5 ± 3 Eublaberus distanti 19 7 ± 2 8 ± 3 Gyna capucina 17 5 ± 2 9 ± 3 Lanxoblatta emarginata 15 6 ± 2 8 ± 5 Nauphoeta cinerea 16 6 ± 2 6 ± 3 Paradicta rotunda 13 5 ± 2 7 ± 3 Parasphaeria boleiriana 20 6 ± 3 1 6 ± 3 Phoetalia pallida 17 6 ± 2 5 ± 2 Phortioeca nimbata 15 6 ± 3 8 ± 4 Pycnoscelus surinamensis 14 6 ± 2 6 ± 3 Schultesia lampyridiformis 19 7 ± 2 1 6 ± 4 Thanatophyllum akinetum 17 6 ± 2 8 ± 6 most species. Details and significance of Q tests are provided in the Appendix in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/journals/1568539x (Table A1). Transition matrices (Table A2 in the Appendix in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/ content/journals/1568539x) were highly correlated between species (W = 0.46, N = 13, p < 0.001), meaning that frequent (or rare) behavioural transitions for a given species were also frequent (or rare) for the others.
We computed 'simplified' transition matrices for the subsequent analyses and provide them in Table 5 .
Structure of behavioural data
In the PCA (Figure 2A , 'simplified' transition matrices; loadings in Table A3 in the Appendix in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/journals/ 1568539x), axes 1 and 2 explained 54.4% and 15.5% of the variability, respectively. Axis 1 split up interactions with agonistic acts (positive correlation) from other interactions. Axis 2 was positively correlated with avoiding/agonistic interactions. A similar correlation was found in the PCA without Nauphoeta cinerea (axis 1 = 55.1%, axis 2 = 15.9%; data not shown). In both PCA, Diploptera punctata was strongly distanced from the other species. This distance resulted from a high proportion of promoting/agonistic and agonistic/promoting interactions for this species. A PCA was performed without the outlier D. punctata and is shown in Figure 2B (axis 1 = 40.3%, axis 2 = 19.2%; loadings in Table A3 in the Appendix in the online edition of this journal, which can be accessed via http://booksandjournals.brillonline.com/content/journals/1568539x), where agonistic acts also mainly explain the structure of the data. Five species (viz., Thanatophyllum akinetum, Phortioeca nimbata, Lanxoblatta emarginata, Phoetalia pallida and Blaberus discoidalis) were characterized by a low level of agonistic acts within interactions and a high proportion of avoiding/promoting interactions. Among the other species, characterized by a high level of agonistic acts within interactions, two groups can be delimited: Paradicta rotunda, Pycnoscelus surinamensis and Eublaberus distanti showed proportionally much more promoting/promoting interactions, Table 5 . Behavioural categories were defined according to previous studies (Gautier, 1974; Grandcolas, 1991; van Baaren et al., 2002 van Baaren et al., , 2003 Legendre et al., 2008b) and are: promoting, agonistic, avoiding and without obvious significance. Interactions involving acts classified within the class 'without obvious significance' were not considered. whereas Schultesia lampyridiformis, Parasphaeria boleiriana, Gyna capucina and Nauphoeta cinerea showed proportionally much more avoidance acts.
Investigating the role of body shape, habitat and phylogenetic variables on behavioural data
In the PCoA (behavioural distance matrix), axes 1 and 2 explained 51.6% and 24.1% of the variability, respectively, so that these two axes were sufficient to capture a large part of the entire variability of the behavioural data. Similar values were obtained when Nauphoeta cinerea was excluded from the analysis (axis 1 = 52.4%, axis 2 = 24.4%) and when the outlier Diploptera punctata was excluded (axis 1 = 48.8%, axis 2 = 15.5%). The dbRDA, using the results of the PCoA, is provided in Figure 3 for the body shape variable, with and without D. punctata ( Figure 3A and 3B, respectively). Removing D. punctata did not change our results as confirmed by the permutation tests according to which, in both cases, the body shape variable was significantly involved in the structure of the behavioural data (p = 0.033 and 0.025 with and without D. punctata, respectively), whereas the habitat variable was not (p = 0.60 and 0.24, respectively). The permutation tests performed without N. cinerea, whose habitat in the wild is unknown, gave similar results (p = 0.029 for the body shape variable and p = 0.53 for the habitat variable). Behavioural and phylogenetic distance matrices were not correlated (Mantel test, r = −0.0597, p = 0.67).
Discussion
The evolution of social interactions in blaberid cockroaches
We found a high diversity of social interactions in blaberid cockroaches, and relate this diversity to body shape, ecology and phylogeny. Behavioural interactions in blaberid cockroaches are significantly correlated only with body shape. While this relationship is expected between morphological structures and behaviours performed with these same structures (e.g., teeth and foraging behaviour in Vertebrates, urticating hairs and defensive strategies in tarantula spiders : Freeman, 1981; Blatchford et al., 2011) , it is more surprising for social interactions. Flattened species, including the solitary species Thanatophyllum akinetum and the gregarious species Lanxoblatta emarginata and Phortioeca nimbata, display a high proportion of avoidance acts. 'Burrowing' species, except Blaberus discoidalis, show a high proportion of agonistic acts. This suggests that the body shape could influence the behavioural interactions in these insects, which would then be an important factor to consider in the study of cockroach behavioural interaction evolution.
Avoidance acts are commonly displayed by flattened species in defensive behaviours (e.g., Bell et al., 2007) . It is however unexpected that they display these acts so frequently in conspecific social interactions as well, especially for gregarious species. It shows that these species use these same behavioural acts both in answer to predators and conspecifics. Then, are these species able to discriminate between conspecific and heterospecific individuals? This could be the case for Phortioeca nimbata (a flattened species), where aggregated nymphs are known to move away further than isolated nymphs when they are disturbed (Grandcolas, 1991) . The difference between these situations might be more in the delay and duration of these acts than in the acts themselves. As for the high proportion of agonistic acts in 'burrowing' species, it could be linked to their life in a confined space that might favour dominance hierarchies and struggle for access to resources (Bell et al., 1979; Gautier & Forasté, 1982) . These considerations, together with the hypothesis that body shape is a strong structural constraint (sensu Gould, 2002 ) that prevents social interactions from evolving in all directions or channels them in particular ones, need however to be formally tested with both more species and experimental procedures investigating the relationship between motor patterns and morphological structures. In addition, independently from the relation found here between social interactions and body shape, it would be worth investigating whether differences in shape lead to differences in social interactions or whether difference in behaviour lead to differences in shape (Duckworth, 2009) .
The nature of behavioural interactions among blaberid cockroaches is not correlated with habitat. Ecological factors are often hypothesized as pivotal in phenotypic evolution, especially in extreme environments (MacArthur, 1972; Varadínová et al., 2010; Trontelj et al., 2012) . The hypothesis that ecology drives the evolution of morphology and behaviour is exemplified by the ecomorph concept (Williams, 1972) , tested in seminal studies (e.g., Losos, 2009) , and pervasive in the socio-ecological or acoustic literature (e.g., Morton, 1975; Hansen, 1979; Slobodchikoff, 1984; Hatchwell, 2009 ).
Our results suggest, however, that ecological factors might not be a major factor in the evolution of behavioural interactions in these insects (see also Grandcolas, 1998; Legendre et al., 2014) . It should be noted, however, that habitats are classified as broad categories. Even though this approach might be useful in a first step, habitats, like social systems, have to be defined more accurately to limit misleading interpretations (Goutte, 2014, and below) .
A previous study (Legendre et al., 2014) found phylogenetic signal in these behavioural data. We thus could have expected that the phylogenetic history of the species might be correlated with behavioural interactions but our results do not support this hypothesis. It might seem surprising or contradictory but it just reveals that phylogenetic signal does not necessarily equal phylogenetic constraint, and that each species is a mosaic of derived and plesiomorphic characters, whatever the nature of these characters.
Diversity in behavioural interactions: beyond social systems
Species classified in a given social system share some key behavioural properties (Michener, 1969; Wilson, 1971) . We could thus expect that they would also share similar behavioural interactions, while, on the contrary, species classified in different social systems would display different behavioural interactions. Our results contradict this hypothesis. Generally, transition matrices are highly correlated. However, we have found differences among the behavioural interactions in the species studied here, but these differences do not reflect the diversity in social systems. In other words, the solitary and subsocial species do not exhibit the specific behaviours that could be expected. Some gregarious species are even behaviourally closer to the subsocial or the solitary species than to other gregarious species. In addition, the most 'active' species in terms of frequency of behavioural interactions is neither the subsocial one nor the solitary one but the gregarious Schultesia lampyridiformis. Similarly, the species with the most distinctive behavioural interactions is Diploptera punctata, a gregarious species displaying a high proportion of 'promoting/agonistic' and 'agonistic/promoting' interactions. These distinctive behaviours could be related to its unique combination of social system and habitat (it is rare to find a gregarious cockroach species living in the litter, as does D. punctata), even though other potentially confounding effects (sensu Barraclough et al., 1998) should first be investigated before drawing any conclusion.
Nevertheless, we observe very diverse behavioural interactions among these species and this diversity does not reflect social systems classification. This result raises questions about the relevance of classifying social systems when studying social behaviour in comparative analyses. Several previous studies have also concluded that categorizing species into discrete social systems results in categories that are either too broad or too constraining (e.g., when a species falls between two social systems) to accurately reflect the continuum of sociality that we observe in nature (Costa & Fitzgerald, 1996; Shellman-Reeve, 1997; Wcislo, 1997a, b; Lacey & Sherman, 2005; Aviles & Harwood, 2012; Doody et al., 2013) . The limited value of discrete categories is also found for other behavioural or ecological traits (e.g., Desutter- Grandcolas & Robillard, 2003; Grandcolas & D'Haese, 2004; Robillard et al., 2006b; Grandcolas et al., 2011; Goutte et al., 2013; Goutte, 2014) . Consequently, using discrete categories in comparative or evolutionary analyses might be confusing or misleading (Mickevich & Weller, 1990; Wenzel, 1992; Deleporte, 1993; Grandcolas et al., 1994 Grandcolas et al., , 2001b Proctor, 1996; Luckow & Bruneau, 1997) . Instead, more accurate observations, character definition and hypothesis formulation must be favoured (Wcislo, 1997a, b) .
Conclusion and future directions
We demonstrate that blaberid cockroaches show diverse behavioural interactions that are related to the body shape of the species, but not to ecology or phylogenetic relationships. This result should be investigated further because the body shape, as defined here, is also related to the habitat (e.g., the 'burrowing' body shape is related to species that live in dust-like substrates). After improving the phylogenetic context of the Blaberidae (Legendre et al., 2014), we bring substantial behavioural data for this group. These data must be supplemented if one wants to better understand social evolution in cockroaches and, by analogy because the Blaberidae are not sister-group to termites, the possible first evolutionary steps of their closest eusocial relatives, termites. To do so, gathering more detailed ecological and morphological data would be the legitimate next step to build an integrative approach, which proved successful in several other animal groups (Wainwright & Reilly, 1994; Swartz et al., 2003; Losos, 2009; Trontelj et al., 2012) . structure phylogénétique de la biodiversité actuelle et fossile' directed by Philippe Janvier supported FL and PG's field trip in French Guiana to collect living specimens. We thank Hervé Amat and Station Biologique de Paimpont for providing help and facilities for behavioural observations, and Odette Morvan and Jean Cerda for their valuable assistance in French Guiana. We thank Laure Desutter-Grandcolas, Tony Robillard, Patricia Nel, the associate editor and two anonymous reviewers for their comments on previous drafts. We also thank Rex Cocroft (University of Missouri) for checking our English. Table A2 .
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